Sequence-Dependent Stability Test of a Left-Handed β-Helix Motif  by Hayre, Natha R. et al.
Biophysical Journal Volume 102 March 2012 1443–1452 1443Sequence-Dependent Stability Test of a Left-Handed b-Helix MotifNatha R. Hayre,* Rajiv R. P. Singh, and Daniel L. Cox
Department of Physics, University of California, Davis, CaliforniaABSTRACT The left-handed b-helix (LHBH) is an intriguing, rare structural pattern in polypeptides that has been implicated in
the formation of amyloid aggregates. We used accurate all-atom replica-exchange molecular dynamics (REMD) simulations to
study the relative stability of diverse sequences in the LHBH conformation. Ensemble-average coordinates from REMD served
as a scoring criterion to identify sequences and threadings optimally suited to the LHBH, as in a fold recognition paradigm. We
examined the repeatability of our REMD simulations, finding that single simulations can be reliable to a quantifiable extent. We
find expected behavior for the positive and negative control cases of a native LHBH and intrinsically disordered sequences,
respectively. Polyglutamine and a designed hexapeptide repeat show remarkable affinity for the LHBH motif. A structural model
for misfolded murine prion protein was also considered, and showed intermediate stability under the given conditions. Our tech-
nique is found to be an effective probe of LHBH stability, and promises to be scalable to broader studies of this and potentially
other novel or rare motifs. The superstable character of the designed hexapeptide repeat suggests theoretical and experimental
follow-ups.INTRODUCTIONTheoretical-computational methods are an increasingly
powerful means for systematic characterization of polypep-
tides. In particular, molecular dynamics (MD) simulations
in atomistic detail provide a versatile tool for examining
such biopolymers. When MD is coupled with a temperature
replica exchange method (REMD), it can enable broader
exploration of the molecular energy landscape, while
preserving the thermodynamic accuracy of observables at
all temperatures (1).
Despite the enhanced statistical-mechanical sampling af-
forded by REMD, observing native folding events, let alone
global thermodynamic equilibrium, in accurate atomistic
models currently remains a daunting goal for longer peptide
lengths (2). However, if interest is restricted to the inverse
problem of probing the stability of a sequence in a known,
given conformation, then even relatively short REMD simu-
lations may suffice, and they provide distinct advantages
over constant-temperature MD.
With all replicas in an identical starting structure, the
rapid thermal destabilization and conformational sampling
of higher-temperature replicas in REMD allows fast prog-
ress along local unfolding pathways. By design, replicas
that unfold along these pathways into energetically stable
basins descend into low-temperature positions. Conforma-
tional stability can be quantified by choosing coordinates
that describe the extent of unfolding that has occurred at
the lowest temperatures during the course of an REMD
simulation.
This methodology is well suited to examining the
sequence-specific mechanisms that lend stability to a givenSubmitted September 27, 2011, and accepted for publication February 7,
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0006-3495/12/03/1443/10 $2.00peptide motif, or to identifying sequences that optimize the
motif’s stability. In this regard, it is much like a fold recog-
nition technique in the context of comparative protein struc-
ture prediction—a backbone structural template is fixed, one
or more sequences of interest are chosen, and a scoring
criterion or function is used to evaluate threadings of the
sequences against one another. For this description, the
scoring criterion is fine-grained, based on average coordi-
nates from de novo simulation.
When available, one may study the stability of an exper-
imentally known native sequence for a given template to
establish a positive control, while similar results for intrin-
sically disordered sequences of identical length act as
negative controls. With the choice of informative state coor-
dinates, stability can thus be quantified on a range of values.
When an alternate, misfolded conformation of a given
sequence is under consideration and it possesses a known
native conformation, the latter can be treated as a second
positive control for stability. Accordingly, we used positive
controls—two alternate conformations, in one case—and
negative controls in our study.
Our aim in this work was to use this methodology to gain
insight into the stability of the type-I left-handed b-helix
(LHBH), a unique supersecondary structural motif that
has been examined for its possible similarities to amyloid
material, and as a highly regular scaffold for potential
nanoscale engineering applications (3). This motif is quite
suited to the fold recognition paradigm due to its relative
rarity in nature (4). In addition to the control cases, we
have chosen to test three sequences that separately pertain
to polyglutamine (polyGln) aggregation, prion protein
(PrP) misfolding, and the design of an idealized LHBH
structure.doi: 10.1016/j.bpj.2012.02.017
1444 Hayre et al.METHODS
Sequences, structures, and molecular dynamics
We studied six distinct 61-residue sequences. Three were homopeptides of
Gly, Ala, and Gln—denoted PolyG, PolyA, and PolyQ, respectively—and
three were nontrivial sequences, as follows:
LpxA114:
DNLLMINAHIAHDCTVGNRCILANNATLAGHVSVDDFAIIGGM
TAVHQFCIIGAHVMVGGC
PrP166:
VDQYSNQNNFVHDCVNITIKQHTVTTTTKGENFTETDVKMM
ERVVEQMCVTQYQKESQAYY
DHR:
GVTIGTGVTIGTGVTIGTGVTIGTGVTIGTGVTIGTGVTIGTGV
TIGTGVTIGTGVTIGTG
All sequences were blocked with N-terminal acetyl and C-terminalN-meth-
ylamide groups. Atomic coordinates for LpxA114 were drawn from residues
114–174 of an experimental crystal structure (PDB ID: 1LXA). We denote
this structure LpxAb114, whose backbone was treated as an ideal type-I
LHBH motif, and as a template for generating b-helicoid structures for
other sequences. Structures for the homopeptides and the designed hexa-
peptide repeat (DHR) were formed simply by appropriately mutating the
residues of LpxAb114, while a LHBH structure for PrP166 required more
sophisticated threading, as detailed later in this article.
We utilized two AMBER-type force fields for the MD simulations in this
work, which will be described in the Results and Discussion. Systems were
prepared using the LEaP program, and the molecular dynamics phase of
REMD simulations were performed with the GPU-accelerated version of
the pmemd program, both of which are contained in the AMBER 11
package (5). Temperature was controlled in MD using Langevin dynamics
with a coupling constant of 1.0 ps1, a time step of 0.002 ps was used in
conjunction with bond-length constraints on bonded pairs involving
hydrogen, and periodic boundary conditions were imposed with particle-
mesh Ewald electrostatics in constant-volume (NVT ensemble) conditions.
A nonbonded cutoff of 8.0 A˚ was used to separate direct and reciprocal
sums for the particle-mesh Ewald method.
To prepare systems for REMD simulation, vacuum starting structures
were first rapidly equilibrated with a brief round of variable-time-step over-
damped dynamics to resolve possible steric clashes, then solvated in a rect-
angular box with TIP3P water molecules using LEaP, such that the solute
macromolecule retained at least 8 A˚ of clearance between the effective
van der Waals radius of any atom and any box side. Solvated systems
were equilibrated to ~1.0 atm with a 20-ps simulation at 300 K in the
NPT ensemble, with all other conditions consistent with the subsequent
REMD simulations.FIGURE 1 (A) Geometrically accurate representation of a-carbons in
a single 18-residue turn of a type-I b-helix, where each atom is labeled
by its position in its respective side of the turn. The helical axis is approx-
imately into the page, hence the indicated directional sense in terms of
N- and C-terminal directions. (B) The same single LHBH turn, completely
adorned with the heavy atoms present in the hexapeptide repeat studied
herein, with side chains labeled by different colors (Thr, pink; Val, brown;
Ile, green). (C) The backbone heavy atoms in the LpxAb114 segment that was
used as the scaffold for all the presented structural threadings. The helical
axis is offset here to illustrate the structure’s three-dimensional character.
Visualizations were created with VMD (36,37).Replica exchange molecular dynamics
Twenty-eight temperatures were spaced exponentially (1) in the range
between T1 ¼ 300 K and T28¼ 450 K. The lowest temperature T1 was fixed
in the range of biological interest, while the highest temperature was suffi-
cient to allow thermally driven conformational searching, but low enough to
maintain close temperature spacing and avoid artifactual interactions across
the periodic boundaries. Each replica was initially set in the same solvent-
equilibrated conformational state described in the previous section.
REMD consisted of a phase of 20-ps MD simulation, according to the
conditions described above, followed by a replica exchange phase. The
exchange phase involved five rounds of attempted exchanges between each
replica and its temperature-adjacent neighbor. Increasing the number of
exchange attempts between simulation phases may hasten convergence with
little computational overhead (6). Swaps were accepted with a probability
p ¼ minf1; exp½ðbk  bkþ1ÞðUk  Ukþ1Þg;Biophysical Journal 102(6) 1443–1452where k is an index of temperatures, and b and U are replica-wise inverse
temperatures and total potential energies, respectively.
The given temperature spacing resulted in swap acceptance rates in
a range between 15 and 40%, depending on the system. Further information
about the efficiency of REMD with the given systems and technique is
provided in the Appendix.Analysis techniques
For each system under consideration, REMD simulations of duration
20 ns per replica were performed, resulting in 1000 instantaneous coordi-
nate snapshots at each temperature. To characterize and compare the
behavior of the systems under study, we used three purely conformational
coordinates and one temporally integral coordinate—fractional b-helical
H-bond contacts, RMSD, pairwise a-carbon (Ca) deviation, and cumulative
RMSD cluster count, respectively—which are described below.
We measured the degree of close similarity of a conformation to the ideal
LHBH by counting intact H-bond contacts that are typical to this motif. The
LHBH is composed of triangular turns (see Fig. 1 A) whose sides contain
b-strands that are hydrogen-bonded (H-bonded) along the helical axis.
We identified four typical H-bonds between any given adjacent six-residue
sides of the helix, which meant that the chosen LHBH template contained
Nb ¼ 28 such H-bonds. We let the actual donor-acceptor distances, indexed
by k, be dO-N,k. An equilibrium distance deq was defined to be the pairwise
separation of the donor and acceptor atoms such that the nonbonded
interaction potential energy of the H-bonding atoms (N–H $$$ O¼C) is
minimum. Based on the specific force-field parameters used here, we
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rium distance as xkh dO-N,k/deq. The fraction of formed b-helical contacts
was then defined as
fb ¼ 1
2Nb
XNb
k
½1þ tanhð8 6xkÞ: (1)
The constants in the argument to tanh (.) are chosen to sharpen the indi-
cator function and cause a rapid drop-off when d is close to 1.33 d .O-N,k eq
We used Ca root mean-square deviation (RMSD) as a measure of the
global structural similarity of an evolved system to its equilibrated initial
configuration. This choice of reference conformation allowed for each
system some level of departure from the LHBH motif even before produc-
tive simulation. The RMSD measure thus reflects deviation from a pressur-
ized, relaxed system, rather than an ideal backbone conformation.
When comparing broadly different conformations, direct comparisons
with overall RMSD are less informative, so a more refined state coordinate
was used, which we refer to as the truncated pairwise Ca deviation (or
simply Dl). Given N indexed Ca atomic positions~ri, and pairwise distances
between these positions, dij ¼ j~rj ~rij, Dl is represented by the formula
D2l ¼
PN
i>j
H

l d refij

dij  d refij
2
PN
i>j
H

l d refij
 ; (2)
whereH is the unit step function, and drefij values are the corresponding pair-
wise distances in a reference structure. This coordinate can distinguishconformational changes on different length scales via the cutoff parameter
l. Smaller values of l are used to emphasize more local deviations from the
reference structure, while neglecting those that occur between more
distance Ca pairs. With an infinite cutoff, such that all possible Ca pairs
are encompassed, this coordinate is similar to a measure defined previously,
and its dependence on structural deviation correlates well with RMSD (7).
We used a simple agglomerative clustering algorithm to quantify the
diversity of structures generated over time at each temperature. Each new
coordinate snapshot was added to an existing cluster if the RMSD between
the given snapshot and the leading member of the cluster was less than
a cutoff of 1.0 A˚. Otherwise, a new cluster was created with the given snap-
shot as its leading member. The value of interest was the sum of clusters
versus full simulation time, which we refer to later as the cumulative cluster
count.RESULTS AND DISCUSSION
Simulations with two force fields
We examined the sensitivity of our results to variation of the
force-field parameters by repeating all simulations with both
ff03* and ff99SB* parameters (8). With these two choices,
we attempted to balance accurate physicochemical modeling
with the need for independently developed parameter sets.
The underlying force fields, ff03 (9) and ff99SB (10), were
developed by separate groups with different techniques as
parameter refinements of the AMBER-type model. The
correctivemodifications to these two force fields that resulted
in ff03* and ff99SB* were developed in tandem in the same
study, and were shown to give more balanced modeling of
secondary structure preferences (8,11).
Simulations with these two force fields were largely
consistent. Unsurprisingly, most observed deviations ofthe results between the force fields could be attributable
to residual secondary-structure bias of each force field.
This bias was evident in that, for these simulations of
a b-sheet-rich motif, RMSD tended higher and, conversely,
b-sheet contacts tended lower with ff03* versus ff99SB*.
This reflects a known tendency toward a-helical conforma-
tions that evidently was not extinguished by the dihedral
corrections to the original ff03 parameters (8). Despite
this residual bias, the degree of concurrence between the
two parameter sets is encouraging.Relative stability of diverse sequences
In this section, we summarize our observations in a compar-
ison of diverse sequences in the LHBH conformation, each
subject to 20-ns REMD simulations. We present our ratio-
nale for selecting each sequence, and consider whether
our observations agreed with any expected behavior. The
main results are presented in Fig. 2, which compares all
the LHBH systems in terms of relevant coordinates.LpxA
We chose a segment of the bacterial enzyme LpxA (12) as
the backbone scaffold for all the LHBH structural threads
in this study. The conformation of this segment is uniformly
b-helical in its native context. It was only natural to use simu-
lations with the matching native sequence on this segment
as a positive control. The presence of multiple unperturbed
LHBH layers in the chosen segment of the experimentally
derived model suggested that the simulated system would
retain b-helical character in a test of thermal stability.
Our prediction of relative stability was borne out, as
evident in Fig. 2, where the LpxA segment can be seen to
retain high LHBH character with both force fields. Average
RMSD was under 3.0 A˚, and the structure retained much
greater than half of its native b-helical contacts at low
temperatures during the sampling interval. That higher
stability wasn’t observed, apart from model dependence,
may be due to the absence of the truncated N- and C-terminal
moieties, as well as the absence of native quaternary trimeric
partners that are known to associate along the entire length of
the LHBH section of the LpxA monomer.Homopeptides of Gly, Ala, and Gln
We attempted to establish negative controls by simulating
sequences that are expected to show various degrees of
intrinsic disorder, where LHBH character would be dis-
placed by many energetically similar yet conformationally
diverse states. Given that homopeptide repeats of disorder-
promoting amino acids are expected to possess intrinsic
disorder (13), we chose three such peptides as candidates
for negative controls: PolyG, PolyA, and PolyQ, the struc-
tures of which are described in the Methods.Biophysical Journal 102(6) 1443–1452
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FIGURE 2 Three generalized coordinates, (A) RMSD, (B) fractional
b-helical contacts, and (C) cumulative clusters, for six diverse sequences,
based on data sets using two force fields, ff03* (red) and ff99SB* (orange).
Each value is an average of the instantaneous coordinate over the lowest 10
temperatures (300–343 K) of averages over the final 10 ns of samples at
each temperature (compare to Eq. 7). Mean values over multiple simula-
tions and 95% credible intervals are shown instead where such data were
available (compare to Fig. 3).
1446 Hayre et al.Despite being classified together as intrinsically disor-
dered, we nevertheless expected diverse behavior under
simulation from each homopeptide, given the unique char-
acter of the constituent side chain. PolyG was expected to
assume a diverse ensemble of potentially extended struc-
tures (14,15). As to PolyA, despite the established helix-
promoting character of alanine, the a-helical propensity of
Ala-rich sequences is highly dependent on the solvation
environment, flanking groups, and helix-stabilizing side-
chain properties and interactions of non-Ala amino acids
within the sequence (16,17). Short uninterrupted lengths
of Ala with minimal solubilizing flanking groups are onlyBiophysical Journal 102(6) 1443–1452partially a-helical, and these monomers readily aggregate
into b-sheet-rich complexes (18,19). At 25 repeats, such
homopeptides already show the behavior of a natively
unfolded, collapsed globule with little canonical secondary
structure in physiological conditions, and increasing repeats
of Ala (without a complementary increase in charged solu-
bilizing groups) is likely to increase this tendency (19).
Based on this, PolyA was expected to show properties of
a partially a-helical collapsed globule.
Indeed, PolyG and PolyA were observed to be relatively
unstable, in that they rapidly lost LHBH character and
assumed a structurally diverse ensemble. Average RMSD
and b-helical contacts indicate significantly divergent final
structures. The number of clusters generated during the simu-
lations rises toward the maximal value of 1000 (correspond-
ing to one cluster per sample frame), suggesting not only
degradation of the LHBH structure, but continual conforma-
tional flux. This last measure, in particular, gives a strong
indication of intrinsic disorder in both these peptides.
PolyQ was an exception among these homopeptides. Its
relative stability was comparable to that of LpxA and the
engineered hexapeptide, in terms of all three coordinates,
although these results featured the strongest discrepancy
between the two force fields. The cumulative cluster count
was comparable to the other strongly b-helical systems at
low temperatures, and was also suppressed at intermediate
and high temperatures to levels lower even than those for
LpxA and DHR (see Fig. 3).
It is unclear if the high thermal stability observed here for
PolyQ relates to slow dynamics among a broad ensemble of
disordered conformational states, or to a global affinity of
PolyQ for the LHBHmotif. There appears to be broad agree-
ment both experimentally and theoretically that monomeric
polyGln of lengths greater than 16 are poorly solvated, i.e.,
collapsed globules with little canonical secondary structure
(20–25). Furthermore, there is also evidence that 20-length
polyGln tracts exhibit slow dynamics characteristic of a
glassy energy landscape (21), and pulling experiments
suggest that polyGln tracts of length 25 and above result
in high mechanical rigidity of collapsed globules (26). On
the other hand, there is some theoretical evidence that the
LHBH conformation is metastable (27–29) and dynamically
accessible (28) in as few as three turns, and that dimers of
long polyGln segments (between 30 and 50 residues) can
form structures that are rich in b-sheet (30). Our results
are not biased toward either of these possibilities.C4D
C4D is a structural model of a C-terminal section of
the disease-implicated prion protein (PrP) sequence. The
PrP166 segment was threaded to a type-I LHBH template
by Kunes et al. (31) as a prediction for the monomeric struc-
ture of the infectious conformational isomer of PrP. Their
use of the LHBH motif makes the resulting structural model
A B C
FIGURE 3 Three temperature-dependent state
coordinates (in rows) from three independent
REMD simulations of three systems (in columns).
Each point is an average over the final 10 ns of
samples at that temperature. The fourth column
shows, for each system, mean values of the average
coordinate over the 10 lowest temperatures, and
the associated 95% credible intervals.
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other sequences presented in this study.
C4D was predicted to be stable based on its similarity to
native b-helices both in several empirical measures (filling
fraction of the central core, side chain-to-side chain hydrogen
bonding, and solvent-related frustration), and in brief
constant-temperature explicit-solvent MD simulations that
showed native-like RMSD from initial structures (31). In
the present context, C4D was found to be intermediate in
stability between the unstable homopeptides and the more
LHBH-stable sequences, bymeasure of all three coordinates.
A few factors may be important in the observed destabi-
lization of C4D. The solvated, equilibrated starting structure
suffers strong disruption of the LHBH motif due to the
closure of the cysteine bridge, notably in the displacement
of the central rung, as illustrated in its initial (0-ns) structure
in Fig. 4. More generally, our simulation of a fully solvated
monomeric environment rather than an amyloid context
may also be responsible. There is emergence of a-helix at
both termini by 20 ns (as also evident in Fig. 4), suggesting
possible refolding to the known native solvated conforma-
tion of this sequence.Designed hexapeptide repeat
The designed hexapeptide repeat (DHR) studied here was
conceived expressly for this study as an attempted idealiza-tion of the LHBH sequence. The six residue identities in the
periodic pattern are based on the side-chain frequencies
found in the type-I LHBH motif, as described by Choi
et al. (3), with some modifications. In particular, it contains
a pattern of alternating large nonpolar and hydrophilic
groups, flexible turn sections, and in-register stacking of
identical amino-acid residues that appear to be important
to LHBH stability (32,33). This alternation, and the internal
packing of the inward-facing L3 and L5 side chains, is illus-
trated in Fig. 1 B.
DHR was found to be the most stable system by measure
of RMSD and b-helical contacts. For both force fields, it
possessed the most native-like of these state coordinates,
exceeding even the native sequence in this respect. This
peptide was also distinguished by a sharper thermal unfold-
ing transition under both parameter choices, as compared to
LpxAb114 (see Fig. 5). Despite its low-temperature stability
(likely due to the hydrophobic effect in the core and axial
inter-b-strand hydrogen bonds), thermal activation coupled
with the presence of Gly in the turn positions allows far
more global conformational freedom, and thus greater struc-
tural deviation, at higher temperatures.Stability of PrP166 in two conformations
In addition to comparing C4D with other sequences in the
LHBH conformation, as described above, we compared itBiophysical Journal 102(6) 1443–1452
FIGURE 4 Representations of the solvated, equilibrated initial struc-
tures, along with the final structures of the most probable replicas at
300 K during the 2-ns intervals before 10 ns and 20 ns. These structures
are drawn from the set of simulations using the ff99SB* force field. Each
noninitial conformation is accompanied by its Ca-RMSD value relative to
the initial conformation for that system. All structures are backbone-aligned
to the initial structure of LpxA. Visualizations were created with VMD
(36,37).
A
B
FIGURE 5 Two coordinates versus temperature: (A) RMSD and (B)
fractional b-helical contacts, for LpxA and DHR, based on simulations
with both ff03* and ff99SB* force-field parameters. Each line is an
average over three repeated simulations. For each individual simulation,
the coordinates were averaged over the final 10 ns of simulation at each
temperature.
FIGURE 6 Comparison of the deviation of pairwise a-carbon distances
on two length scales between LpxAb114, PrP
C
166, and C4D. (Left) The plot
was generated with a cutoff (compare to Eq. 2) large enough to encompass
all pairwise distances, while the figure (at right) uses a cutoff of 5 A˚. Similar
to the data in Fig. 2, each value is an average of the instantaneous coordi-
nate over the lowest 10 temperatures of averages over the final 10 ns of
samples at each temperature.
1448 Hayre et al.with the same sequence in its experimentally determined
native conformation. The coordinates for this conformer
come from residues 166–227 of the murine prion protein
(PDB ID: 1AG2), which we denote PrPC166. An examination
of this structure, although a departure from our single-
template paradigm, served two purposes:
First, it further tested our methodology, where the native
conformer acts as another positive control, which is ex-
pected to be relatively stable.
Second, it provided a stability comparison of two confor-
mations of the same PrP166 sequence under the same condi-
tions, which could potentially inform hypotheses about
proposed structural models for the infectious form of PrP.Biophysical Journal 102(6) 1443–1452Fig. 6 shows a comparison of local and global structural
stability in LpxAb114, PrP
C
166, and C4D. We note two inter-
esting features: Evidently, the C4D conformer, under the
given solvation conditions, is less structurally stable than
both its sequence-identical native conformer and its struc-
ture-identical template system. Separately, short-range Ca
contacts in PrPC166 are more preserved than in the LpxA
segment, despite higher deviations in longer-range contacts.
This suggests that the (mostly a-helical) secondary structure
in PrPC166 remains strongly intact simultaneous with some
large-scale rearrangement that may be attributable to the
absence of the N-terminal environment.
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Single, unrepeated REMD simulations have been often
relied upon in theoretical-computational studies in the
interest of economizing on computational resources. How-
ever, two important concerns when relying on a single real-
ization of REMD are 1), how well the ensemble of replicas
has equilibrated once sampling begins, and 2), whether the
duration of sampling is sufficient to diminish the effect of
inherent fluctuations.
The first concern is less relevant in this study, because we
assessed relative stability near the LHBH conformation,
rather than attempting to sample global equilibrium. We
expected that REMD, as an enhanced sampling algorithm,
would result in sufficiently rapid unfolding of those
sequences that are unsuited as LHBH, thus providing amean-
ingful test of stability when comparing diverse sequences,
despite the brevity of our simulations. This expectation was
borne out, as evident in the data already presented.
The second concern deserves more scrutiny in our case,
due to our limited sampling. When a REMD simulation of
a given system is repeated with different random number
seeds, the average value of a state coordinate over a fixed
time interval will vary stochastically from one simulation
to the next. We estimated the extent of this inherent fluctu-
ation in several state coordinates by repeating simulations
for a few diverse systems. Based on these estimates, we
can constrain how closely true average state coordinates
can be determined from single REMD realizations.
We quantify the fluctuation of an arbitrary state coordi-
nate R with the variance s2R over the population of repeated,
independent REMD simulations (wherein all conditions are
identical except for random number seeds). Suppose we
generate M independent simulations of the same system,
and we compute M values of the coordinate, {Rm}. With
the assumption that the Rm values are normally distributed,
the unbiased estimates of the population mean, variance,
and 95% credible half-interval are given, respectively, by
bmR ¼ 1M
XM
m¼ 1
Rm; (3)
1 XM  bs2R ¼ M  1
m¼ 1
Rm  bmR 2; (4)
baR ¼ 1:96  bsR: (5)
Any given Rm will be within 1.96  sR of the true mean mR
with probability 0.95. Consequently, we may estimate that
mR lies within baR above or below any given Rm (or a new
value of R evaluated from a new simulation) with this
probability.
We put this analysis into practice by generating three
sample replicates for each of three diverse sequences amongthe six under study. Our rationale for examining multiple
sequences was to probe the specific dependence of ba on
sequence. We computed three state coordinates for these
systems, along with the ba statistic. In general, assuming
the sampling interval consists of N frames at each of K
temperatures, the state coordinate for a given single frame
is denoted Rkn. The coordinates of interest, denoted R,
were actually averages over the sampling interval and over
the 10 lowest temperatures:
Rk ¼ 1
N
XN
n
Rkn; (6)
X10
R ¼
k¼ 1
Rk: (7)
Each coordinate Rk, at temperature Tk, is an average over
a trajectory of N configurations, each with coordinate Rkn.
This averaging diminishes fluctuations between adjacent
Rk at the expense of specificity in temperature.
The values of Rk for each system and each independent
simulation are presented in Fig. 3, where R is one of the
three state coordinates under consideration. The tempera-
ture-dependent data therein are accompanied by estimates
for the mean bmR and the 95% credible intervals baR. Zero
or minimal overlap of estimated 95% credible intervals for
a given coordinate between different systems implies higher
confidence in the difference of the population mean mR. In
this sense, these data demonstrate the extent to which
systematic differences in each coordinate are resolvable
between sequences. Namely, both averaged RMSD and
fractional b-helical contacts appear to serve as effective
discriminant coordinates among these sequences, while
averaged cumulative cluster counts are ambiguous due to
overlapping credible intervals.
Unfortunately, there is no clear pattern for a given coordi-
nate that determines the magnitude of the intervals baR, at
least with the limited number of systems considered.
However, based on this limited evidence, we would postu-
late that more b-helically stable sequences tend to show
less fluctuation, as reflected in baR, but we must defer exam-
ination of this. Instead, we used the calculated credible
intervals as a guide for estimation of the same in cases
where single REMD realizations are relied upon.CONCLUSION
We observed some unexpected features in our simulations of
PolyQ, which was intended as a negative control. It was
distinguished from the other molecular systems we exam-
ined by a relatively large discrepancy in observed stability
depending on which of the two model parameter sets was
used, emphasizing the possible inaccuracy of the model
or its parameterizations. The relative directions of theBiophysical Journal 102(6) 1443–1452
1450 Hayre et al.discrepancies in both structural state coordinates point to the
same secondary structure bias in the force fields that was
mentioned in the Results. We note that measurements on
PolyA suffer from similar discrepancies, in the same relative
directions.
Measures of b-helical stability remained surprisingly
high in PolyQ with both force fields, despite the mentioned
differences. While this result could be interpreted as lending
further support to existing evidence that polyGln may
assume b-sheet-rich conformations similar to the LHBH,
it is important to differentiate this conformationally specific
stability from a likely tendency for long polyGln tracts to
possess slow, glass-like dynamics and an attendant rugged
energy landscape. In other words, it is unclear whether
this stability in PolyQ is specific to the LHBH state, or if
these simulations were simply insufficient to promote an
inherently slow conformational change away from the
LHBH state. Our results for PolyQ are thus ambiguous
with respect to the general properties of the underlying
homopeptide.
To resolve this uncertainty, we envision further study of
polyGln at similarly long sequence lengths with this tech-
nique; however, longer and varying REMD durations may
be required to explore the timescale of relaxation from a
particular starting conformation. Additionally, varying these
starting conformations might uncover whether the LHBH or
a similar b-helical motif, such as one of those considered
previously (27,34), is singularly stable for polyGln.
Our results suggest that the presented engineered hexa-
peptide DHR is, potentially, a superstable synthetic b-helix.
In all likelihood, its underlying sequence belongs to a family
of periodic sequences that are highly suited to the type-I
LHBH motif. We suggest that our scalable methodology
could be employed to test many candidate repeat sequences,
the set of which could be narrowed down with the aid of
a more coarse-grained empirical fold recognition scheme.
We found that the C-terminal PrP segment is only moder-
ately stable as a LHBH when compared with other relevant
sequences, and is unstable relative to its native conformer.
Our emphasis in evaluating the given structural model was
to demonstrate this methodology as an effective means of
screening and validating potential structural threads, rather
than to draw conclusions about the monomeric structure
of misfolded prion protein. We imagine this approach might
find future use as further insight is gained into the basic
structure of amyloid and its relation to prion disease.
We have shown that short REMD simulations can be
a rapid, efficient test of relative stability among diverse
sequences on a single conformational template. Once posi-
tive and negative controls were successfully established in
the form of tests of native sequences and inherently disor-
dered candidates, respectively, then further tests gave
a contextual measure of relative stability. This technique
has applications for the large-scale screening of structurally
templated sequences, and could be scaled to arbitraryBiophysical Journal 102(6) 1443–1452sequences on arbitrary backbone templates, fitting well as
an accurate verification step within a fold recognition para-
digm for novel or rare motifs.
While we have examined only a small set of diverse
sequences, detecting relative stabilities among sequences
that differ only slightly, such as point mutants, might require
a new assessment of repeatability in REMD. Such a study of
the LHBH could be framed as a theoretical-computational
analog of existing site-directed mutagenesis studies, such
as that of Choi et al. (35), with whose results comparison
could be made. A more thorough extension of our study
would include several known LHBH folds as positive
controls, and involve more incremental sequence variants.APPENDIX: REMD EFFICIENCY
Because we used data from only the lowest 10 temperatures to gauge
conformational stability, it is important to assess how efficiently the replicas
found at these temperatures were able to move in the full temperature space
during the simulation course. We quantified this efficiency with three
measures of replica movement: distributions of low-temperature replicas
in the full temperature space, single-step replica swap acceptance probabil-
ities (i.e., a local measure), and the unidirectional flux of replicas in transit
(i.e., a global measure).
The most important replicas at the lowest 10 temperatures are precisely
those that are most probable at those temperatures during the latter 10 ns of
simulation time, because we used uniform averages over this interval. We
computed the probability of finding any of these replicas at a given temper-
ature for three of the simulated systems, during the entire simulation course.
These probabilities are shown along the ordinates in Fig. 7, where it is
evident that these definitively low-temperature replicas efficiently sample
higher temperatures. In addition to these probabilities, we present explicit
trajectories for these low-temperature replicas from a single simulation of
each system, to exemplify the replica motion in temperature space. These
trajectories show movement between temperature regimes in both halves
of the simulations, for multiple replicas.
We further characterized the dynamics of replica motion in two ways.
First, we computed probabilities for a replica to move between tempera-
tures at the shortest timescale. We define a stochastic transition matrix Pij
whose entries hold the probability for a replica at temperature Tj to move
to temperature Ti after one replica exchange phase. The conventional
swap rate can be determined as 1  Pii, and this quantity is displayed for
each simulated system in Fig. 8.
While the swap acceptance rate gives some idea of the mobility of
replicas locally, a more intuitive and complete measure is given by transit
flux—the steady-state flux of replicas that are in transit between extremal
temperatures. This is the rate at which replicas that have most recently
visited one extreme temperature will completely traverse the temperature
space (in a biased random walk) and reach the opposite extreme. This
steady-state flux can be computed for upward-transiting replicas about
any adjacent pair of temperatures Ti and Tiþ1 as the difference of the flux
of such replicas moving to the right and left:
DNi;iþ1 ¼ N
X
j%i
X
kRiþ1

pjPkj  pkPjk

: (8)
The value N is the total number of replicas, and pi is the probability of
a replica at temperature T being in transit upward. According to Fick’si
law in the steady state, for a one-dimensional system that is discretized
both in that dimension and in time, this flux DNi, jþ1 h DN is expected
to be independent of position, and its absolute value will be the same for
both directions of transit.
FIGURE 8 Swap acceptance rates as probabilities (red) and transit fluxes
(blue) for each simulated system. Each bar is vertically split to show data
for both parameter sets, with ff03* (left) and ff99SB* (right). Swap rates
are averages across temperatures, excluding the two extreme temperatures.
The upper and lower bars terminate on the maximum and minimum
observed swap rates across these non-extremal temperatures. Transit fluxes
are the average number of replicas that will move in one direction between
the extreme temperatures during a 20-ns simulation.
FIGURE 7 Occupation probabilities across all temperatures of low-
temperature replicas, and explicit replica dynamics from a single simulation
for LpxA, PolyQ, and DHR.We considered the 10 most probable replicas at
the 10 lowest temperatures during the final 10 ns of simulation. The discrete
probabilities found along the ordinates are for finding one of these replicas
at the given temperature at any time during the full simulations. These are
average probabilities computed from three independent simulations for
each system. For the systems in the order given, the low-temperature
replicas spent 38%, 35%, and 34% of the full simulation time at high
temperatures. Also shown are the smoothed explicit trajectories in temper-
ature space of these low-temperature replicas for a single simulation.
Smoothing was accomplished by convolution with a sliding normalized
Gaussian distribution of width 0.5 ns.
Sequence-Dependent Stability Test of LHBH Motif 1451Of course, to compute this flux, we must have the steady-state discrete
distribution pi, which we computed iteratively based on the coupled differ-
ence equations
p
ðnþ1Þ
i ¼ ð1 diNÞ
PN
j¼ 1
Pij
h
p
ðnÞ
j þ di1qðnÞj
i
;
q
ðnþ1Þ
i ¼ ð1 di1Þ
PN
j¼ 1
Pij
h
q
ðnÞ
j þ diNpðnÞj
i
;
(9)
where qi is the probability of a downward-transiting replica at temperature
Ti. Superscripts denote discrete iterations, and the d-functions enforce the
boundary conditions that replicasmust change their direction of transit at ex-
tremal temperatures. Normalization is enforced, in that
PN
i¼1ðpi þ qiÞ ¼ 1.
Based on the steady-state solutions for pi and qi, replica transit fluxes were
computed from Eq. 8 for all systems, and are shown along with swap rates
in Fig. 8.
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